This article reports the creation of tomographic reconstructions giving threedimensional data on the distribution of various structural features for SAPO-34 zeolite catalyst beds used in the commercially important methanol to olefin conversion process. The data were processed using parametric Rietveld refinement to treat entire slices of the tomograph as single refined data sets, allowing extraction of real structural parameters from all voxels of the reconstruction. This has the advantage over more traditional methods of X-ray diffraction computed tomography using peak intensities, that the structural parameters are independent of the intensity, meaning that information can still be extracted from poor data sets: an example is shown where part of the sample was no longer in the beam during data collection. Reconstructions using several structural parameters are presented and the results compared. Analysis of the variation of the catalyst c axis (linked to the degree of deactivation in earlier work) shows small but significant three-dimensional variations in the degree of deactivation with patterns which depend on the silicon content of the catalyst. Average data for the tomographic slices compare well with the results of earlier operando two-dimensional reactor scanning experiments.
Introduction
In the quest to understand catalytic materials, and particularly the variety and location of their active sites under working conditions, it is essential to have in situ data with both time and space resolution (Buurmans & Weckhuysen, 2012; Beale et al., 2010) , i.e. to see where the catalyst is active and when. X-ray computed tomography, the development of which was first driven by medical imaging applications, is now recognized as an important technique in the study of all kinds of materials (Hounsfield, 1973; Lauterbur, 1973; Harding et al., 1987; Arnberg & Mathiesen, 2007; Bertrand et al., 2012; Adams, 2013) . X-ray diffraction computed tomography (XRD-CT) (Harding & Kosanetzky, 1989 ) is becoming a broadly applicable technique for studying the three-dimensional structure of catalysts, as both individual bodies and beds (Beale et al., 2010) . It is now possible to collect data fast enough to carry out time-resolved tomographic studies of reactions with XRD . However, so far most of the analysis carried out has been based on simple observations from the diffraction patterns, for example, phase identification and quantification or crystallite size analysis from single peaks; or analysis of the total integrated intensity over a selected Q range (Harding et al., 1990; Hall et al., 1996 Hall et al., , 1998 Murga, Bleuet, Garbarino et al., 2012; Á lvarez-Murga, Bleuet & Hodeau, 2012; Voltolini et al., 2013) . Bleuet et al. (2008) reported Rietveld analysis of selected data points in an XRD tomographic reconstruction in 2008. Palancher et al. (2011) have shown that it is possible to carry out Rietveld quantitative analysis on a complete, sub-micrometre resolution, tomographic data set. Scarlett et al. (2009) have carried out parametric Rietveld quantitative analysis on energy-dispersive XRD tomographic data but did not reconstruct threedimensional images of their electrochemical cells, although they were able to measure electrode thickness as a function of time from the data. De Nolf et al. (2014) have recently developed dedicated software (XRDUA) for full profile quantitative analysis and tomographic reconstruction using powder diffraction data, especially from non-ideal powders (i.e. powders where the Debye rings contain poorly averaged Bragg spots due to large single crystals in the sample). Egan et al. (2013) have used Le Bail fitting methods to perform tomographic reconstructions of teeth based on the lattice parameters, strain and preferred orientation of the phases present. Korsunsky et al. (2006 Korsunsky et al. ( , 2011 used full profile methods to extract lattice parameters and thereby study strain in XRD-CT reconstructions of an aeronautical nickel alloy and dental prostheses. Recent work by Bonnin et al. (2014) has also combined and compared Rietveld analysis of phases in a tomographic reconstruction with grain indexing to give the orientations of the individual crystallites in the sample from 'spotty' two-dimensional XRD patterns. Jacques et al. (2013) have shown the validity of pair distribution function analysis for tomographic data: obtaining crystallite size and phase distribution data from working catalysts, a very interesting contribution which opens up the possibility of studying noncrystalline materials and nanosized particles.
Here we present crystal structure analysis of complete XRD-CT reconstructions of catalyst beds employed in the industrially important methanol to olefin (MTO) conversion process (Barger, 2002) using parametric Rietveld methods.
These methods have allowed us to refine atom positions, link related parameters across all the powder patterns in the tomographic data sets, and make the whole process faster and easier.
The catalyst used in the MTO process is the zeolite-type framework SAPO-34. SAPO-34 is derived from the AlPO-34 structure: a rhombohedral (space group R3, a ' 13.85, c ' 14.8 Å in the hexagonal setting used here; chabazite zeolite framework) open framework made up of aluminium and phosphorus atoms tetrahedrally coordinated by oxygen. The framework forms large internal cages (chabazite cages in the zeolite nomenclature) which can be accessed through windows of six and eight tetrahedral atoms (Fig. 1) .
To make AlPO-34 catalytically active in the MTO process we replace some of the phosphorus atoms with silicon. In order to balance the charge of the framework when Si 4+ replaces P 5+ , protons are coordinated to the framework. These 'acid sites' help to convert methanol into hydrocarbons inside the cages; the % of silicon substituted into the tetrahedral sites is therefore commonly used as an indicator of acidity (up to 8% silicon substitution can give a structure with no Si-O-Si linkages and therefore one acid site per silicon in the framework) (Stö cker, 1999) . The size of the windows controls the products which can leave the cages (Hereijgers et al., 2009) , making the catalyst very selective for the olefins ethene, propene and butene: high-value chemical building blocks. The structure that makes SAPO-34 such an effective catalyst for the MTO process also leads to its most significant problem: the cages, after a time, fill with aromatic hydrocarbons which are too large to escape through the eight tetrahedral atom windows (coke) and this deactivates the catalyst. The catalyst can be regenerated by burning out the hydrocarbon coke at high temperature (calcination), but this requires MTO plants to utilize expensive and complex circulating bed technology and may be connected to the long-term deactivation of the catalyst due to loss of acidity (Barger, 2002 The crystal structure of the SAPO-34 framework projected along the a axis (left), showing the eight tetrahedral atom windows. The cage, with eight and six T-atom windows, is shown on the right. Oxygen atoms have been omitted for clarity. of the crystal structure was first observed in operando experiments using a capillary microreactor (Wragg et al., 2009) and has since been studied for other frameworks (Wragg et al., 2011; Wragg, Bleken et al., 2013) . The overall aim of our studies of this material is to extend the active lifetime of the industrial catalyst and reduce the long-term loss of acidity.
The structural parameters obtained from the refinements carried out here on the XRD-CT data appear to show preferred reactant paths through the bed, leading to varying degrees of deactivation in different parts of the bed. The tomographic approach reveals variations in the catalyst structure within depth slices of the bed as well as average trends from inlet to outlet which can be compared with the previously reported in situ z-scan data on this reaction (Wragg et al., 2012) . Such variations may be significant for future test reactor designs. Furthermore, Rietveld-CT allows us to extract information from data sets that would be extremely hard to analyse with conventional XRD-CT methods, by imaging with parameters which are not correlated with the overall intensity.
Experimental
SAPO-34 catalysts were obtained from SINTEF Oslo [prepared by the method of Wendelbo et al. (1998) ] and pressed and sieved to a particle size of between 0.25 and 0.42 mm. Tomographic data were collected at the high-energy beamline ID15B of the ESRF. The catalyst beds (100 mg catalyst) were prepared in 4 mm internal diameter glass tubes and exposed to a flow of helium gas bubbled through methanol at 292.7 K (flowing from bottom to top). The flow rate was 50 ml min À1 . The reactor was heated with a pair of Leister LE Mini heat guns, and the reaction temperature varied from 619 K at the top of the catalyst bed to 611 K at the bottom. The reactor tube and heat guns were mounted on a Huber stage capable of rotation and translation in the x, y and z directions, and a Pixium area detector was used. The sampleto-detector distance was calibrated at 1473 mm using NIST SRM660a lanthanum hexaboride and the wavelength was 0.14257 Å (89.965 keV). Prior to collection of the XRD-CT data the reaction gas flow was switched to pure helium and the reactor was cooled to room temperature as rapidly as the heat guns would allow. The exposure time was 1 s per frame and collection of a data set suitable for tomographic reconstruction took around 7 h. The series of two-dimensional diffraction images were radially integrated to one-dimensional powder patterns using the program DATASQUEEZE (Heiney, 2002) ; these raw diffraction images were used for tomographic reconstruction in the program Snark93 (Browne et al., 1993) . The data collection strategy and methods of reconstruction are described in detail elsewhere O'Brien et al., 2012) . Five slices of tomographic data, evenly spaced from the reactor inlet to the top of the bed, were collected for each sample, with a beam size of 0.1 mm. The approximate locations of the five slices are shown in supporting Fig. S1 .
The reconstructed data sets now consisted of a set of powder XRD patterns, each representing the total diffraction from a 0.1 mm cubic voxel in the tomographic reconstruction. These patterns were refined using the parametric Rietveld method (Stinton & Evans, 2007) with the program TOPAS 4.2 (Coelho, 2006) . The stability of the refinement method is such that it was possible to refine each slice of the reconstruction as a complete data set, including the empty volumes and the glass sides of the reactor. Further information on the fitting process is given in the supporting information. We refer to this reconstruction hereafter as the Rietveld-CT of the data.
The structural model used is described in earlier publications (Wragg et al., 2009 (Wragg et al., , 2010 (Wragg et al., , 2011 (Wragg et al., , 2012 Wragg, Groenvold et al., 2013; Zokaie et al., 2013) and uses 'dummy' carbon atom positions to estimate the occupancy of the SAPO-34 cages (i.e. the hydrocarbon coke which builds up in the cages and deactivates the catalyst during the MTO process) and help prevent the framework structure collapsing during refinement owing to the electron density in the cages. The refinements were split into tomographic slices of 50 Â 50 voxels, i.e. 2500 powder patterns were refined simultaneously as a single surface of Rietveld data. For the fully reacted 8% Si sample a 53 Â 53 voxel area was refined as the sample moved slightly during data collection and some sections were outside the initial 50 Â 50 range. The zero error, tan sample broadening term , scale factor and quartz background peak position (see background treatment below) were refined as single parameters applied to all patterns in each slice [thus applying a constant but refined line position shift to all patterns in each tomographic slice as discussed by Palancher et al. (2011)] . No preferred orientation corrections were applied, as earlier flat plate powder XRD studies of SAPO-34 by various authors [see Stö cker's (1999) review of MTO chemistry] show no sign of preferred orientation effects when compared to capillary measurements.
Two isotropic thermal parameters (B iso ) were refined in each powder pattern: one for the tetrahedral atoms (Al/Si/P; T atoms) and one for oxygen. Maximum and minimum limits of 10 and 1 were placed on these parameters. Refinement with B iso fixed across all powder patterns for the two atom groups was also carried out, based on the assumption that the displacement parameters should be equal as the atoms are at the same temperature everywhere in the cooled reactor bed. Such an approach is not without precedent; Agostini et al. (2010) used parametric methods to improve the refinement of site occupancies during zeolite template removal by parameterizing a linear variation of atomic positions with temperature. The coordinates of the T atoms were also refined. Refinement of the oxygen positions was not possible, leading to collapse of the framework structure when attempted. This is probably due to the incomplete structural model with only three 'dummy' carbon atoms accounting for all of the electron density inside the cages after reaction. Restraints on the framework bond lengths and angles were used to prevent the T atoms migrating into the cages to fit diffuse areas of electron density not accounted for by the model. The background was fitted with a seven-term Chebyshev polynomial and a broad peak used to fit the background 'bump' from the quartz tube at $1.8
2. This allows us to study the lattice parameters, research papers strain broadening, overall scale, T-atom positions, cage occupancies and numerous other modes of tomographic projection of the data from the SAPO-34 structure. In this case we concentrate mainly on the c-axis variation, which has been clearly linked with development of reaction intermediates and coke (Wragg et al., 2009 (Wragg et al., , 2012 Zokaie et al., 2013; Wragg, Groenvold et al., 2013) ; however, information from some of the other parameters is considered. A full list of refined parameters for the three samples, detailing whether they were refined against individual powder patterns in the data set or all data, is given in Table S1 of the supporting information.
Results
We have studied three tomographic data sets representing different stages of the MTO process and different silicon contents in the catalyst. The silicon content is significant as this determines the acidity of the catalyst (the number of active sites), a crucial parameter in its effectiveness in the MTO process . The first two samples contained 8% silicon (determined by energy-dispersive X-ray spectroscopy in an FEI scanning electron microscope). The first of these was subjected to methanol flow for 5 min before rapid cooling to room temperature, while the second was used for MTO conversion for 195 min before cooling and collection of XRD-CT data. The third sample contained 4% Si and was used in the MTO reaction for 230 min prior to cooling and data collection. Our diffraction data are therefore comparable not with the in situ data reported in our earlier work (Wragg et al., 2009 (Wragg et al., , 2010 (Wragg et al., , 2011 (Wragg et al., , 2012 Wragg, Groenvold et al., 2013) but with the ex situ XRD studied by Zokaie et al. (2013) and Wragg, Groenvold et al. (2013) . We note, however, that the data presented in the latter two references indicate very similar trends in the variation of the crystal structure with increasing duration of MTO reaction time to the in situ data.
3.1. SAPO-34, 8% Si, quenched
The five two-dimensional slices of the Rietveld-CT reconstruction using c-axis length for the 8% Si sample quenched after 5 min of MTO reaction are shown in Fig. 2 as colour contour plots. The circular profile of the reactor tube is clearly visible.
The shift in c-axis length from the initial value of 14.6 Å for the freshly calcined sample is relatively small (this axis can extend to over 15.1 Å in similar samples; Wragg et al., 2009 Wragg et al., , 2012 , with a maximum c value of 14.8 Å , as expected for a catalyst subjected to a short time on stream. However, we see significant variations within the range both with increasing distance from the inlet point and across the individual slices. The extension of the c axis averaged across each slice drops slightly from slice (a) (the inlet end of the bed) to slice (b) then increases to the outlet at slice (e). Examining the slices reveals a pattern of greater expansion at the right edge of the reactor tube. The c-axis variation of specific voxels seems to follow through the series of slices large c axis compared to surrounding voxels, so will the 35_35 voxel in slice (e)], suggesting that the cause of expansion (i.e. the reagents which cause coking of the catalyst) is spreading in a predictable way up the bed. Fig. 2( f) shows the c-axis patterns versus slice number in several voxels compared to the averaged value for each slice. The greater c-axis extension at the edge of the reactor may be due to the fact that this area was closest to the heat guns used to maintain the temperature; however, the fact that this expansion is only observed on one side of the reactor, while heat guns were positioned on opposite sides of the reactor perpendicular to the X-ray beam, does not support this proposition.
To check that the patterns observed in the Rietveld-CT are not simply due to variations in the quality of the refinement we compared the data for the c-axis reconstruction with reconstructions based on R wp (indicating the quality of the Rietveld fit). The R wp reconstruction of the quenched 8% Si sample is shown in Fig. 3 and clearly does not show the patterns seen in the c-axis tomograph; indeed, the distribution of R wp in the discs of the reactor slices appears to be essentially random. The R wp values may appear rather high [the average R wp decreases from 21.3 to 20.1% from slice (a) to slice (e); see supporting information, Fig. S2] ; however, the R exp (expected minimum R value) values for the reconstructed data are rather high (in the region of 18% for most of the voxels). This is due to the incorrect assumption in TOPAS (common to most Rietveld software) that the errors in the intensities for powder XRD data collected with an area detector are equal to the square root of the intensity (the real errors are related to the number of detector pixels under the powder rings, which depends on detector region) and may also be due to the unusual counting statistics in the reconstructed data (R exp for the raw data patterns is around 10-15%). A typical Rietveld fit from the data set (voxel 35_35 in layer 0) is shown in Fig. 3( f) .
If we rule out variations in the fit quality and temperature inconsistencies, our best current explanation for the threedimensional variations seen in the c-axis reconstruction of this sample is that they represent preferred pathways through the reactor bed. We have demonstrated elsewhere (Wragg et al., 2012) that the longer the reactants take to pass through the fixed bed MTO reactor the more likely they are to form large hydrocarbon molecules in the cages, leading to increased caxis extension. It may therefore be assumed that the reaction gases passed more quickly through the areas of the bed with a shorter c axis. This may be due to several factors including the packing of the catalyst particles in the bed, which can lead to 'channelling' of the reagents through certain parts of the bed in a packed bed reactor (Fogler, 1999) . The side walls of the reactor can also have an influence on flow rate in some circumstances (Chorkendorff & Niemantsverdriet, 2007) .
Further reconstructions based on B iso and coordinate values for aluminium and phosphorus and on peak broadening were also carried out for this data set. However, the results did not show any interesting patterns (see supporting information that, despite the earlier observation that this parameter seems to be linked to coking of the catalyst (Wragg et al., 2009) , it is not affected significantly enough by the process for the variations to be visible in the tomograms.
SAPO-34, 8% Si, fully reacted
A very similar tomograph is observed in the fully reacted 8% silicon sample (Figs. 4a-4e) . Here the c-axis values observed are longer (between 14.7 and 15.05 Å ), as we would expect from the literature (Wragg et al., 2009; Zokaie et al., 2013) . As for the previous sample we can see patterns being passed through equivalent voxels in the slices, especially in the top three slices in areas where c-axis expansion is well established, e.g. voxel 015_041; Fig. 4f ). Again the expansion at the edges the reactor in the slices furthest from the inlet may be linked to the close proximity of the heat gun but is only observed on one side of the reactor.
During data collection on this sample the catalyst bed moved in the reactor, leaving an empty space on the left-hand side of slices 3 and 4. This caused problems in scaling which made the data from ordinary tomographic reconstructions using intensity in a set Q range almost useless (Fig. 5) . Using Rietveld-CT reconstruction, however, we obtain almost as much information as for the other samples, as the lattice parameters can be extracted regardless of the intensity. Such information would be difficult to extract using the batch Le Bail type fits that have been applied to other tomographic data owing to the massive scale differences.
It is also interesting to look at the a-axis reconstruction of this sample, to check that data really are recovered correctly despite the void area in the reconstruction. The patterns Comparison of 'normal' XRD-CT reconstructions (at Q = 0.8088 Å
À1
, the position of the strongest peak in the powder patterns) for slice (e) of the fully reacted (left) and quenched (right) 8% Si SAPO-34 samples. The very low intensity of the fully reacted slice makes it very hard to compare with the quenched one. Rietveld-CT reconstruction (see above) shows that the two have closely related patterns of c-axis expansion. Note that the fully reacted slice XRD-CT shown is upside down compared to the Rietveld reconstruction of the same sample. observed in the slices are similar to those seen in the c-axis reconstruction (Figs. 6a-6e ), but the magnitude of the a-axis variation is relatively small and the average values in adjacent slices are within one standard deviation of each other (Fig. 6f ) . It is therefore not possible to point to a trend in the average aaxis values from these data.
Tomographic slices reconstructed on cage occupancy for fully reacted 8% Si SAPO-34 are shown in supporting Fig. S6 . These slices show a significant similarity to the a-axis reconstructions, reinforcing the earlier observation that the crystal structure changes (in particular the lattice parameter variations) during the MTO process are related to the filling of the chabazite cages with organic coke during the reaction. Fig. 7 shows the patterns in reconstructions on the a and c axes and cage occupancy for slice 0 of the fully reacted 8% silicon bed side by side for easy comparison.
SAPO-34, 4% Si, fully reacted
A second fully reacted sample containing 4% silicon shows a different pattern across the slices (the c-axis reconstruction, along with selected voxel and average c-axis plots through the slices, is shown in Fig. 8 ). In this case we do not see large areas of high c-axis expansion at the edge of the reactor; however, patterns can still be seen in equivalent voxels through the slices, with small areas of c-axis extension spread around the Reconstructions of slice 0 for fully reacted 8% silicon SAPO-34; note the similarity between the occupancy and a-axis plots. The colour range used in the c-axis plot has been altered relative to the other plots (14.7-14.9 Å ) to give better contrast.
slices. There is no sign of greater c-axis extension close to the reactor edges in this sample, giving further support to the theory that the expansion observed at the edge of the reactor in the 8% Si sample is not due to overheating. The pattern of the average c-axis value through the five slices is very similar to that observed for the quenched 8% Si sample, with a small range of values and small standard deviations in the average; however, the overall values of c for this sample are the largest of any of the data sets (see Fig. 9 ). As for the other two samples the second slice of the tomograph has the smallest average c-axis value.
Plotting the average c value from each slice (with standard deviation bars to indicate the range of values present in each slice) on the same axes shows a similar pattern for the three samples (Fig. 9 ), but with a much larger variation in the fully reacted 8% silicon sample, in terms of both the changes in c between slices and the variation within each slice (as expressed by the error bars in the graphs). The quenched sample shows similar values for the first two slices with a gradual increase from slice (b) to slice (e). In the fully reacted 8% Si sample the c-axis length decreases significantly (i.e. beyond the standard deviation in the average) from slice (a) to slice (b) before increasing strongly towards slice (e). This recalls the pattern seen for this sample in fast z-scan experiments (Wragg et al., 2012) , in which a relatively flat profile of c-axis values along the bed early in the experiment develops into a profile with an obvious step at a height of around 3 mm from the reactor inlet after approximately 90 min. Graphs showing a direct comparison of the Rietveld-CT and z-scan data are shown in the supporting information (Fig. S7) .
The smallest variation in average c-axis lengths through the bed slices is seen for the fully reacted 4% silicon sample. Again, this is in agreement with the in situ z-scan data published previously. The reduced variation is attributed to the smaller number of active catalytic sites in the lower-silicon material, which leads to a slower onset of deactivation. In fact, this sample seems to be more like the quenched 8% silicon sample than the fully reacted 8% silicon SAPO-34. Looking at the average cage occupancies (Fig. 10) for each sample we see that the average levels of electron density in the cages for the 4% Si sample are also much closer to those observed for quenched 8% Si SAPO-34 than fully reacted 8% Si SAPO-34. The apparent decrease in average cage occupancy from the inlet to the outlet for the 4% Si and quenched 8% Si samples is unexpected, but it may be due to outlying values having a large effect on the average (note the large standard deviations in the average occupancy values for the 4% Si sample, which also shows the strongest decline in cage occupancy).
Conclusions
We have demonstrated the feasibility of analysing XRD-CT data using the Rietveld method by reconstructing three SAPO-34 catalyst beds using several different, real structural parameters. This allows us to track the development of coke in different parts of the reactor, observing small three-dimensional variations in catalyst deactivation. Furthermore, we have demonstrated that Rietveld-CT can extract meaningful information from XRD-CT data sets which would be very difficult to study with conventional reconstruction techniques.
In general we see that the coke from the MTO reaction is more evenly spread around the sample containing 4% silicon. This suggests that catalysts with this level of silicon will probably be the most long-lived and effective MTO catalysts. The existence of areas in the fixed bed reactors with significantly different levels of deactivation in the 8% silicon catalysts examined indicates that care should be taken when we study the behaviour of SAPO-34 in reactors of this type, in order to avoid flow problems. The variations in the average caxis values with reactor position recall the reduction observed in the c-axis length close to the reactor inlet at later stages of the MTO reaction in the in situ z-scanning experiments (Wragg et al., 2012) . We also note that there seems to be some correlation between the a-axis and cage occupancy reconstructions, which may explain the origins of the structural variations. Since less three-dimensional variation in the lattice parameters is observed for the 4% silicon sample we believe that temperature inconsistencies in the beds do not make a significant contribution to the variations seen in the c axis of SAPO-34 with 8% silicon, and the variations observed are probably due to preferred pathways through the catalyst bed.
Rietveld CT could be applied very easily to other well ordered catalyst systems that exhibit good crystallinity, and the combination of the technique with the very fast tomographic data collection now possible Jacques et al., 2013) makes in situ Rietveld-CT a real possibility.
Figure 10
Average cage occupancy values for the five slices of the tomographs for 8% Si SAPO-34 (fully reacted and quenched after 5 min of reaction) and 4% Si SAPO-34 (fully reacted). Slice numbers 0-4 correspond to slices (a)-(e).
